Evolutionarily conserved non-coding genomic sequences represent a potentially rich source for the discovery of gene regulatory regions. Since these elements are subject to stabilizing selection they evolve much slower than adjacent non-functional DNA. These so-called phylogenetic footprints can be detected by comparison of the sequences surrounding orthologous genes in different species. In this paper we present a new method and an efficient software tool for the identification of corresponding footprints in long sequences from multiple species. This allows the evolutionary study of the origin and loss of phylogenetic footprints if sufficient number and appropriately placed species are included. We apply this method to the published sequences of HoxA clusters of shark, human, and the duplicated zebrafish and Takifugu clusters as well as the published HoxB cluster sequences. We find that there is a massive loss of sequence conservation in the intergenic region of the HoxA clusters, consistent with the finding in [Chiu et al., PNAS 99, 5492-5497 (2002)]. We further propose a simple model to estimate the loss of sequence conservation that can be attributed to gene loss and other structural reasons. We find that the loss of conservation after cluster duplication is more extensive than expected by this model. This suggests that binding site turnover and/or adaptive modification may also contribute to the loss of sequence conservation. We conclude that this method is suitable for the large scale study of the evolution of (putative) cis-regulatory elements.
Introduction
Non-coding DNA in eukaryotes contains a large number functionally important signals for the regulation of gene expression. These cis-acting regulatory elements can be interpreted as the "hardwiring of development" at the genomic level [4] . For a recent review see [20] .
Functional and non-functional parts of genomes evolve with different speeds reflecting the fact that mutations are selected against in the functional parts [17] . The technique of Phylogenetic Footprinting exploits these differential evolution rates for identifying regulatory elements [29] .
There are two classes of approaches to identify regulatory regions. Most commonly, one searches for common motifs in the non-coding sequences associated with related genes in the same organism, see e.g. [15, 27, 31] . Alternatively, orthologous non-coding sequences from a group of related species are used. Unusually well-conserved sequences then hint at a regulatory function. This approach was successful to identify the regulatory elements in many cases, see e.g. [18, 23, 29, 9, 6 ] and the review [11] . In a related approach, the rVISTA tool uses pairwise alignments of orthologous regions to determine the significance of putative transcription factor binding sites found by comparison with a database of binding motifs [19] . Most searches for phylogenetic footprints in the past were based on computing global alignments. Standard motif search techniques such as AlignAce [16] and ANN-Spec [32] and segment-based alignment algorithm such as DIALIGN [24] have been shown to be more efficient [5] . Most recently footprinting was expressed as a substring parsimony problem and an exact and rather efficient dynamic programming algorithm was proposed and implemented [5] . This method takes the known phylogeny of the involved species explicitly into account and retrieves all common substrings with a better-than-threshold parsimony score from a set of input sequences.
In this contribution we pursue a different algorithmic approach that appears to be more suitable for large clusters of genes with complex regulation structure such as the Hox clusters. The reason is that at least in this case there appear to be substantial changes in the regulatory patterns that do not necessarily conform with established phylogenetic relationships: In [9] , for example, it has been reported that -quite unexpectedly -the footprint pattern of the horn shark Heterodontus francisci has much more in common with the pattern in Homo sapiens than with other fish species (Morone saxatilis and Danio rerio). We therefore drop the maximum parsimony assumption for the evolution of regulatory sequences in large gene clusters and instead adopt a stepwise procedure that first extracts potentially conserved regions from pairwise sequence comparisons and passes these candidates through a series of filtering steps. Since our software tracker is intended for large-scale surveys of large gene clusters the entire procedure has been fully automated and includes a variety of post processing and analysis steps, in particular the assembly of regions that contain footprints in various combinations of sequences to multiple sequence alignments.
As a first application of our technique we re-evaluate and extend the survey of the HoxA clusters of Heterodontus francisci, Morone saxatilis, Danio rerio and Homo sapiens. Our main result is that the automatized procedure detects a more complete set of footprints, and that it does so in less than a minute on a modern PC, in contrast to weeks of tedious analysis with web-based bioinformatics tools.
We then extend the analysis to include the two HoxA clusters of Takifugu, based on the published genomic sequence [34] , to assess whether the new method provides biologically meaningful and consistent results. The purpose of the study [9] was to assess the effect of Hox cluster duplication on the structure and function of Hox genes. The qualitative results in [9] suggested that cluster duplication leads to a massive loss of non-coding sequence conservation, which could be indicative of extensive modifications in the function of Hox genes. If this is the case one would expect to find a similar degree of loss of conservation in other teleost Hox clusters. In fact we do find an even greater loss of sequence conservation in Takifugu than in zebra fish (see below).
The quantitative analysis of the retention statistic for phylogenetic footprint clusters (PFCs) has to be put into context of the other changes that happen after Hox cluster duplication. Most notably there is a tendency for gene loss after duplication [1] which can have a direct, "structural" rather than functional, influence on the retention of PFCs. To assess whether the loss of sequence conservation can be explained in its entirety by gene loss we propose a simple probabilistic model for the rate of PFC loss due to gene loss and stochastic resolution of genetic redundancy (structural causes). With this model we show that the number of PFC retained is less than what is expected from structural causes in all examined cases. This supports the idea that Hox cluster duplication can facilitate the evolution of development [22, 9] .
Materials
A whole-genome shotgun assembly of the genome of Takifugu rubripes was published recently [2] . Blast searches of the known Hox-A proteins from other species against version 3.0 of the Fugu database [34] leave little doubt that there are two Hox-A clusters. The Hox-Aa cluster is located in scaffold 47. It differs from its zebrafish-homologue in two features: (a) Takifugu has a Hox-10 and (b) the Hox-2 gene is retained in Takifugu. The best homologues 124487   HfM   0   13  11  10  9  7  6 5  4  3  2 1   157071   HsA   0   evx1  13  11  10  9  7  6 5  4  3  2 1   128411   DrAa   0   evx1  13 11  9  5  4  3 of the Hox-Ab genes of Danio rerio are found in scaffold 330 and scaffold 5310. In the previous release 2.0 the entire Hox-Ab cluster is contained in the single scaffold 1874. The assembly in version 2.0 is furthermore consistent with the "d-cluster" of [3] . The best blast hits for the proteins of the fugu v.3.0 gene model are almost exclusively Hox-A genes from human, horn shark, and teleost species. The gene inventory of scaffold 1874 is identical with the HoxAb cluster of the zebrafish Danio rerio, see also [26] . Sequences for Hox-B, Hox-C, and Hox-D clusters were obtained from Genbank, the Fugu database [34] , and the web pages of the Zebrafish Sequencing Project [35] , for further details see the caption of Figure 2 . Prince [26] notes that Takifugu has most likely two A, one B, and one C cluster. The sequences obtained from the Fugu database [34] contain unambiguous evidence for the existence of two B-clusters in this species, see Fig. 2 . Comparisons of known Hox genes with the putative hox genes of the cluster sequences are provided as supplemental material 1 .
Method

Initial set of pairwise alignments
The program tracker is based upon blastz [28] searches of all sequences against each other. The resulting list of raw pairwise sequence alignments is then assembled into clusters of partially overlapping regions that are analyzed in detail. By default, only the intergenic regions between two homologous genes are compared. Additional (non-homologous) genes contained in one or both sequences are disregarded. For instance the IGR between Hox-A9b and Hox-A2b together with the region between Hox-A2b and SNex of Takifugu is compared with the region between Hox-A9a and SNex of the zebrafish with the exception of the exons and introns of the zebrafish Hox-A5a, Hox-A4a, Hox-A3a, and Hox-A1a genes and the Takifugu Hox-A2b gene. Formally, the combined results of all blastz comparisons of the input sequence x 1 , x 2 , . . . , x N , N ≥ 3, form a set A = {A k |k = 1, . . . , M } of alignments which is bases of all further analysis steps.
We perform the blastz searches with non-stringent parameters in an attempt to avoid false negative at this stage. As an undesirable side-effect of reducing the stringency of blastz we observe that some repetitive sequence elements slip into the initial set of alignments. We use the rather straightforward local entropy criterion described below to identify such sequences and to remove the corresponding parts of pairwise alignments from our initial list. In some cases the repetitive sequences actually connect two significantly conserved sequences. In this case we fragment the alignment into two or more shorter ones.
Local entropy measures are based on the nucleotide frequencies f a (k) measured for a sequence window [k − W/2, k + W/2] of width W around position k. In addition, we use analogously defined joint frequencies f τ ab (k) of finding the nucleotides a and b separated by a distance τ along the chain. The corresponding local entropies are
Clearly, H(k) ≤ 2bit and H τ (k) ≤ 4bit. We designate a position k as having "low complexity" if both H(k) and the average mutual information measure
are smaller than user-defined threshold values H min and M min , respectively. The second problem with the initial blastz alignments is that in many cases they consist of a few highly conserved blocks separated by relatively long (serveral dozens of nucleotides) stretches of completely diverged sequences. We therefore re-align the blastz hits using a conventional dynamic programming alignment algorithm such as clustalw [30] and post-process these alignments. We define the partial aligment A[k, l] as sufficiently conserved if (i) contains a sequence window [p, p + L − 1] of length L in which the sequence identity is at least µ min and (ii) if it does not contain a window of the same length L with an identity of less than ν max .
Consistent Cliques
Each alignment
is represented as pair of intervals
.j] denotes the subsequence of input sequence x p from positions i to j. For short, we will often write
We say that two alignments A and B overlap if there is a sequence interval
In the following steps it may be convenient to treat almost overlapping alignments, i.e., those that come closer than a small distance D max on one sequence, as if they were overlapping. We can view the combined results from the blastz scans as a graph Γ that has the individual blastz-alignments as its vertices. The edges of Γ are then the (almost) overlapping alignments.
Overlapping alignments may either indicate that (parts of) footprints are conserved between more than two sequences or they arise e.g. by the duplication of a footprint pattern in one or both of the input sequences. The second stage of a tracker run therefore consists of a careful analysis of the overlap graph and its constituent sequence alignments.
The first step is the decomposition of Γ into its connected components Γ i , i = 1, . . . , n C , which we will refer to as "clusters". The complicated part of the analysis is of course the further investigation of the individual clusters since they may contain mutually incompatible alignments.
From the graph-theoretical point of view it seems most natural to first consider the question whether alignments within a cluster are indeed compatible with each other, or whether they are incompatible in some way. Then one may define a graph Ψ i that has the blastz-alignments of the cluster Γ i as its vertices and has and edge between A and B if and only if A and B are incompatible. What we really want to know are the cliques of the complement graph Ψ i (which has an edge between A and B if and only if there is no edge in Ψ i ). These are efficiently computed by means of the Bron-Kerbosch algorithm [7] . It remains to specify when pairwise sequence alignments are incompatible for our purposes.
The simplest case of incompatibility involves only a pair of alignments
} between the same two input sequences x and y that overlap in one sequence but not in the other one, as in the example shown in Fig. 3a a general procedure for determining inconsistent alignments within a cluster which will be indispensible for larger sets of input data.
The basic idea is to consider a sequence of distinct alignments
Any such sequence corresponds to a path in the overlap graph Γ i . Then we consider the image of the initial sequence interval A after a sequence of alignments is another interval on the same input sequence, see Fig. 3c . The sequences of alignments correspond to paths in the overlap graph Γ i .
In order to find alignments in the cluster that are inconsistent with an align- The preprocessed alignments do not contain large gaps in our case. We can therefore estimate the traces just from the intervals by assuming that alignments act like linear transformations on the intervals. Simply determine α j such that u j = u 1 + α j (u 2 − u 1 ) for j = 1, 2, i.e., α j = (u j − u j )/(u 2 − u 1 ); then
In this way we avoid the explicit construction of the alignments. The correction factor (v 2 −v 1 )/(u 2 −u 1 ) is close to 1 if gaps are rare. The inaccuracies incurred by this approximation may lead to slight displacements of the aligned intervals. This can be compensated in the computation by allowing a small tolerance t such that we accept the interval We remark that, more abstractly, this procedure can be understood as a depth first search on the path-graph of the overlap graph of the alignments. (The path-graph P (Γ) of a graph has as its vertices all paths in Γ. Two paths are adjacent in P (Γ) if one is obtained as an extension by a single edge of the other one.) The individual alignments are represented by the paths of length 0 and serve as roots of the search trees. Along each edge of the search tree (i.e., an alignment) we compute the trace (which can be regarded as a vertex label) and check for consistency with the label of the root vertex. For each alignment we therefore obtain a (possibly) empty list of incompatible alignments, and hence the graph Ψ i . The Bron-Kerbosch algorithm [7] then produces a non-empty list C i = {C Phylogenetic footprints typically appear in clusters. For the purpose of the analysis in this contribution we pragmatically define a phylogenetic footprint cluster (PFC) as a single consistent clique. In some case one might want to argue that two or several cliques in close proximity should only be counted as a single PFC. For example, in [9] footprints are merged into the same PFC if they are separated by less than 100nt. Since we are interested in relative abundances here this distinction is not important for our conclusions.
Multiple Alignments
The next step is rather straightforward. For each clique X and each sequence p we determine the minimal interval [p , p ] that contains all intervals of p appearing in aligments belonging to X. A multiple alignment of these sequence intervals is then produced using a standard program such as clustalw [30] or dialign [24] . So far our data indicate that the final outcome is essentially independent of the multiple alignment algorithm, which at this level serves mostly as a convenient method for visualization.
Phylogenetic Distribution of Footprints
The final processing stage consists of relating the presence/absence pattern of the detected footprints with the established (or assumed) phylogeny of the species in question. Given a phylogenetic tree (in phylip format) as input, tracker automatically compiles an overview table in which clusters are arranged according to common presence/absence patterns together with the parsimony score for the corresponding tree. In addition, overview charts are produced that summarize the locations of the footprints with a common distribution on the phylogenetic tree (not shown here).
Implementation
The tracker method is implemented as a perl program utilizing ANSI C modules e.g. for determining the inconsistency graph. Furthermore, blastz [28] and clustalw [30] as system calls. The output is provided as a L A T E Xdocument with included Postscript figures (such as Fig. 2 ). The tables in the appendix are, appart from the annotation in the last column, taken directly from the tracker output.
A Model for the Amount of Structural Loss of PFCs
The quantitative data produced by this new algorithm for zebrafish and Takifugu is consistent with the qualitative observation in [9] for zebra fish, namely that there is a massive loss of non-coding sequence conservation associated with cluster duplication. Between 70 and 90% of the PFCs that are present in shark or human are lost after duplication.
There are three biologically distinct process that can account for this phenomenon: 1) structural, 2) binding site turnover, and 3) adaptive modification. Structural loss is the loss of putative cis-regulatory elements due to gene loss and stochastic resolution of genetic redundancy. Below we will give a more detailed account of what we think can be counted as structural loss. Binding site turnover is loss of noncoding sequence conservation due to the replacement of binding sites even though the function of the enhancer remains conserved. This was first documented in the Drosophila even skipped stripe 2 enhancer [21] and has since been documented for many other invertebrate taxa. In vertebrates, however, no widespread binding site turnover has been documented, which might have to do with a variety of reasons [8] . Adaptive modification would be a change in the sequence of cis-regulatory sites due to directional natural selection and would thus be associated with functional differences.
Loss of non-coding sequence conservation is associated with other structural changes, most notably gene loss. Hence the question arises whether the amount of loss observed is more than expected from the amount of gene loss. To address this question we introduce here a simple model to estimate the amount of PFC loss due to structural changes of the cluster. There are three main sources of PFC loss we consider in this model. Clearly, if a gene is lost, also the associated cis-regulatory elements will be lost, disregarding enhancer sharing. Hence the amount of loss of non-coding sequence conservation has to be calculated in relation to the number of genes which are lost in the focal clusters, in our case the HoxA clusters. We will express these numbers in terms of retention probabilities. The total retention probability of an ancestral PFC, r(PFC), depends on the retention probability assuming that the associated coding gene is retained, r(PFC|G), and the probability that the gene is retained r(G),
In order to calculate whether the observed rate of PFC retention is larger than expected for structural reasons one thus has to consider r(PFC|G) rather than r(PFC) directly. We can estimate r(PFC|G) from the observed rate of gene r(PFC|G) = r(PFC)/r(G). These per gene retention rates are given in Table 2 and are between 0.49 for zebrafish and 0.39 for Takifugu.
There are two other factors we need to take into account in calculating the expected loss of cis-regulatory sequence due to structural changes: the rate of loss due to (1) the loss of cross regulatory interactions among Hox genes and (2) the loss of enhancers due to stochastic resolution of genetic redundancy. The latter plays a role in cases where two paralog genes are retained. It is well known that Hox genes are cross-regulatory, i.e., a Hox gene can be the regulatory input for other Hox genes. It has been observed, both in zebrafish as well as in Takifugu that there are Hox genes that go extinct after cluster duplication, i.e. do not retain a copy of themselves in the duplicated Hox clusters. We assume that with the extinction of that gene its associated enhancer inputs to other Hox genes will be lost as well.
The expected amount of loss due to gene extinction therefore depends on the fraction P (G ext ) of genes in the whole Hox network that were lost and the fraction d of genes in the Hox network which received regulatory input from these extinct genes. P (G ext ) is calculated by counting the number of paralog group members on each of the four clusters in the ancestor of bony fish, i.e. the most recent common ancestor of mouse and zebrafish, for instance. This number is compared with the number of paralog groups which are present in the two duplicated clusters of a teleost.
The number and identity of genes in the most recent common ancestor of bony fish is based on the maximal parsimony reconstruction in [1] . For instance, the ancestor of bony fish has 11 paralog group members in HoxA while zebrafish HoxAa and HoxAb only have a total of 9 paralog groups represented. In other words 18% (2) of the genes in the ancestral HoxA cluster went extinct in the zebrafish lineage, i.e. have no descendent gene copy in the zebrafish genome. In total there are 42 genes in the four ancestral Hox clusters of which only 37 have at least one descendent genes in zebrafish. This means that 12% of the genes went extinct, or P (G ext ) = 0.12. Similarly, in the Takifugu Hox clusters there are descendents of 34 of the 42 genes present in the ancestral Hox clusters, which means that the extinction frequency in the Takifugu lineage is P (G ext ) = 0.19 (Chris Amemiya, pers. comm. 2003). The expected rate of PFC loss due to gene extinction is now d × P (G ext ), the corresponding retention probability is therefore 1 − dP (G ext ).
All genes in the Hox cluster arose in some time by gene duplication and are thus all paralogs. There are however different "generations" of paralogs, resulting from different gene and cluster duplication events. We call genes which are related by the most recent gene/cluster duplication 1st order paralogs. The fraction of genes which retain first order paralogs P (1 st ) differs between zebra fish and Takifugu HoxA clusters. There are six genes in zebra fish HoxA clusters which have 1st order paralogs: HoxA-13a/b, HoxA11a/b and HoxA-9a/b. Hence the fraction of 1st order paralog genes in zebra fish is P (1 st ) = 0.50. In Takifugu there are ten genes which have first order paralogs retained: HoxA-13a/b, HoxA-11a/b, HoxA-10a/b, HoxA-9a/b, and HoxA-2a/b; hence P (1 st ) = 0.71. Genes which retain 1st order paralogs are expected to resolve the genetic redundancy by, on average, losing 50% of their respective cis-regulatory inputs [12] . Consequently, the larger the fraction of 1st order paralogs the larger the expected amount of PFC loss. If only one copy of the gene survives, by default one would expect that all the relevant cis-regulatory elements are maintained. Hence the probability that a PFC is lost because of stochastic resolution of genetic redundancy is equal to the probability that the associated gene has a 1st order paralog times 1/2. The retention probability of a PFC is therefore
Further, we have to consider a factor for the loss of PFCs due to non-structural causes, such as adaptation or binding site turnover. We call this probability α, which means that the retention probability is (1 − α) . Then the total retention rate of PFC iŝ
In this model, we can determine the faction of 1st order paralogs and the gene extinction rate, but we do not know the degree d of cross regulatory connectivity and the rate α of PFC loss due to non-structural reasons But we have the observed rate of per gene PFC retention and we can thus estimate the degree of non-structural PFC loss α, by solving equ. (6) as
The only remaining problem is that we do not know d. We can at least obtain a lower bound estimate of the rate of non-structural PFC loss,α ≤ α, by assuming d = 1, i.e., that each Hox gene has a cross regulatory link to every other Hox gene:α = 1 − r(PFC|G)
In the next section we will apply this model to the analysis of the data from zebrafish and Takifugu Hox-A clusters.
An analogous analysis of the other Hox clusters (Fig. 2) is difficult at present since the sequences for Takifugu and zebrafish are incomplete and/or the corresponding outgroup sequences are not yet available.
The preliminary PFC statistics for the Hox-B clusters are compiled in Table 3 . These numbers should be viewed with caution. In particular, the PFC retention rates r(PFC) are upper bounds since we miss PFCs that have been lost completely in either mamalia or fish lineages. The quality of these data will improve when further outgroups, e.g., the B-cluster of bichir, become available. An additional source of uncertainty is the fact that the 3'-end of the DrBb cluster is missing in the currently available assembly, see Fig. 2 . For the Hox-C and Hox-D clusters sequence data of duplicate clusters are currently not publicly available with sufficient data quality.
Results
There are 126 PFC that are found in either the shark or human HoxA cluster or both. In contrast, there are only 68 of those retained in at least one zebrafish clusters and 59 are retained in at least one Takifugu HoxA cluster, while only 8 and 9 PFCs, resp., survived in both paralog clusters. This corresponds to a retention rate of 27% and 23% respectively ( Table 2 ). This confirms the qualitative observation in [9] , that Hox cluster duplication is associated with a massive loss of non-coding sequence conservation. In this section we will use the model proposed above to set this rate of sequence conservation loss in relation to gene loss. But before we go into the analysis of the data we want to point out a methodological issue in scoring the rate of PFC loss in this type of data.
There are 53 PFCs in zebrafish and Takifugu that have no counterpart in shark or human; of these 14 were found only in zebrafish and 10 only in Takifugu. These PFCs most likely correspond either to cis-regulatory elements which were lost independently in the shark and human lineage or which are PFCs acquired in the stem lineage of teleost fish. These PFCs, however, cannot be used to estimate the rate of PFC retention after cluster duplication, because one can not detect the PFCs that have only been maintained in one of the paralog clusters. For that reasons we ignore the number of PFCs which have Table 4 Conditional PFC retention statistic after HoxA cluster duplication based on the predictions of the structural loss model. Note that the predicted retention rate based on the structural loss model is consistently higher than observed rate of loss, indicating other, non-structural causes of sequence conservation loss. There is a notable asymmetry in the predicted minimal rate of non-structural conservation loss between the clusters. In zebrafish the HoxAa cluster seems to be twice as strongly modified while in Takifugu the HoxAb cluster has an exceptionally high minimal modification rate of 0.46. This pattern is consistent with rates of coding sequence evolution among paralog Hox genes in these species (Takahashi et al., in prep. no counterpart in shark or human. We have to keep in mind that the counts of PFCs are just a sample of all putative cis-regulatory elements involved. If, however, the retention rates of these PFCs are comparable to those present in shark and human, the statistics will still give valid estimates.
In order to account for the loss of genes in the focal HoxA clusters after duplication, we calculate the conditional retention rate , see above. The conditional retention rate is about 50% for zebrafish and 37% overall for Takifugu. This suggests that, corrected for gene loss in the HoxA cluster, Takifugu has a lower retention rate than zebrafish. The two paralog clusters in Takifugu have a strongly different retention rates, 0.21 for the HoxAb cluster and 0.45 for HoxAa cluster. In contrast, the conditional retention rate in zebrafish is about the same for both clusters, 0.49 and 0.51 respectively.
Applying our model for the structural loss of non-coding sequence conservation to the PFC data of the Hox-A clusters shows that the observed amount of retention is in all cases less than predicted as the minimal amount of retention if only structural reasons would cause loss of sequence conservation. Hence the model is consistent with the data, in the sense that we do not observe more conservation than the minimal amount predicted by this model.
Calculating the minimal probability of PFC loss, due to non-structural reasons (binding site turnover and directional selection) shows that in zebrafish and Takifugu this rate is roughly comparable, about 26% and 29% respectively, see Table 4 . The slightly higher rate in Takifugu, however, is entirely accounted for by the higher rate estimate for the HoxAb cluster. The non-structural modification rate in the HoxAa cluster is 0.22, about the same as in zebrafish, while the minimal rate of non-structural modification in the Takifugu HoxAb cluster is 48%. This suggests that there was a differential loss of non-coding sequence conservation in the Takifugu HoxAb cluster. Assuming that the probability of functionally conservative binding site turnover is about the same in the two paralog clusters, this result strongly suggests that the Takifugu HoxAb cluster experienced adaptive modification at a higher rate than both the Takifugu HoxAa cluster and either of the zebrafish clusters.
Discussion
The evolution of development is to a large part based on changes in the cisregulatory elements of developmental genes [10] . Hence the evolutionary genetics of development requires tools for analyzing the rate and pattern of evolution of cis-regulatory sequences. This task is more difficult than the study of coding sequence evolution, because we lack a "genetic code" for the interpretation of non-coding DNA sequences. There are two approaches used in the current literature. One requires a model species for which the cis-regulatory sequences have been characterized experimentally and where the upstream factors are known. This approach provides the highest level of detail but is limited to a few well characterized genes. The other method was pioneered by Greg Wray and collaborators [14] and looks for the statistical over or under representation of known binding sites. For instance, Wray has shown that overall known binding sites are on average less frequent than expected on the basis of nucleotide frequencies in prokaryote genomes [14] .
The novel computational method presented in this paper opens up an alternative avenue to the study of non-coding sequence evolution. It uses the fact that, at least in vertebrates, cis-regulatory sites have been shown to evolve at a lower rate than surrounding sequences. The software tool presented here allows the identification of partially conserved, homologous sequences in many long sequences. With a sufficient number of sequences from phylogenetically well placed taxa it is then possible to study the origin, maintenance and loss of conserved sequence segments among different lineages. The method, which is based on pairwise sequence comparisons and subsequent assembly and filtering steps, is designed to deal with a moderately large number of (very) long sequences. The survey of the seven Hox-A clusters reported here, for instance, requires less than 5min on a modern PC. The tracker tool can therefore be used for much larger datasets as the resource usage scales approximately as O(L × N 2 ) for N input sequences of length L.
Here we have applied this tool to the modifications of non-coding sequences following Hox cluster duplication in teleosts, zebrafish and Takifugu. In principle this method can also be used to study the cis-regulatory changes associated with other evolutionary changes. For instance, it is known that the AbdB related HoxD cluster genes acquired a novel pattern of regulation with the origin of the tetrapod limb [25, 33] . It should be possible to detect differences in the pattern of cis-regulatory sequence conservation between basal fishes and tetrapods. However, no data from appropriately placed taxa is currently available.
The comparative analysis of sequences is much aided by models of sequence evolution. In the case of coding sequences a large number of models can be used to detect unusual patterns of sequence change [13] . No comparable models are available for the analysis of non-coding sequence. In this paper we have proposed a simple model for the loss of non-coding sequence conservation after gene and cluster duplication. The purpose of this model is to estimate the amount of PFC loss that can be attributed to "structural" reasons, such as gene loss. The results show that the observed amount of non-coding sequence modification is in all cases higher than expected solely for structural reasons. It is hard to distinguish between the two possible reasons for this excess in the loss of sequence conservation: binding site turnover and adaptive modification. The former changes sequences of cis-regulatory elements without affecting function, while the latter is the cis-regulatory trace of changes in the function of the associated genes. It is hard to distinguish between these two factors contributing to the non-structural loss of sequence conservation. In the data set analyzed in this paper, however, we found a possible signature of adaptive loss of sequence conservation. In Takifugu the rate of non-structural sequence modification is twice as high in the HoxAb cluster than in the HoxAa cluster (see Table 4 ). Since there is no reason to assume that the rate of binding site turnover should be different between paralog Hox clusters, the most parsimonious interpretation is that, in Takifugu, the HoxAb cluster experienced a higher amount of adaptive change in its cis-regulatory elements than the HoxAa cluster. This suggestion can be tested by expression studies and transgenic tests of non-coding sequences. [9] . The last column gives the designation of the footprints from [9] . Footprints that were not found by tracker are listed in italics without numbering, + denotes novel ones. +XXX means that we found footprint also in XXX; analogously, -XXX means that the footprint was detected in the Hox cluster XXX in the previous study [9] but was not found in this sequence by the tracker program with the default parameter setting. Positions of footprints that are missing in some sequences in the tracker output are given in parentheses. Differences between the published position numbers of the DrAa sequence and our data are explained by the use of two versions of the DrAa sequence in [9] .
